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ABSTRACT

\ .
This paper describes the initial design of a comprehensive hierarchical
integrated circuit design system, that is currently being implemented at

Stanford University.
design techniques.

This system encourages the use of structured hardware
It is intended for the design and layout of large-scale

integrated circuits by means of a combination of manual and algorithmic tech-

niques. #

\

INDEX TERMS:

inteqrated circuit design, hierarchical desiqgn system,
design automation, LSI circuit layout

L




1. DESIGN PHILOSOPHY

This system is based on the oremise that the nrocess of designing any
larage scale system is hierarchical in nature. Some prononents of structured
software desian prooose a too-down design strateay and a bottom-up imnlementa-
tion strateqv. For very comnlex hardware systems a similar discioline may
greatly improve the correctness of the desian and the time required to obtain
the solution. As we quickly approach the point where a ten-thousand or even
a fifty-thousand-gate chin desian becomes feasible, it becomes important to
devise a design methodoloqy that will allow both rapid and correct design of
such circuits.

Tynically, the Toaic design of a digital system is done in a ton-down
fashion, while the imnlementation is done in a bottom-up fashion mainly. In
actual nractice, however, both Toaic desian and layout are done by means of
a combination of top-down and bottom-up approaches. Therefore, a desian sys-
tem should be able to incorporate both strategies in order to allow the de-
signer the flexibility he needs to obtain a satisfactory design. This hier-
archical design strategy is very similar to the way in which the human de-
signer attacks a large design problem.

Currently, inteqrated circuit desian is supported by a collection of
often loosely connected programs, such as logic simulators, automated place-
ment and routing, circuit analysis and desian rule verification. The use of
automated layout methods denends heavily on the intended production volume.
Currently, most hiah volume desians are laid out manually and then digitized.
Desiqgn rule verification proarams are often used to validate adherence to the
desian constraints imnosed by the technoloay. For custom design of low volume
LSI circuits, automated layout packages such as PR2D and MP20 [5], LTX [6]
and FAMOS [7] are often emnloyed. The basic idea in these automatic annroaches
is to define cells such as Togic gates and flinfloos, and to place these in
rows. The disadvantaae of this row-based layout annroach is that the silicon
area required for the layout of a circuit is much laraer than the area that
can be obtained by means of a careful manual approach.




Recently, attempts have been made to partially automate the layout of
high volume designs. An example of these attempts is the FLOSS system, de-
veloped at RCA [9]. An approach to less restrictive design of custom LSI
circuits is currently being pursued by Sandia Laboratories with the SICLOPS
system [8].

The main goals of the system that is being developed at Stanford are
the following:

1. To provide a total design environment for integrated circuits,
both high volume and Tow volume custom LSI circuits.

2. To allow the designer to choose between a purely manual approach,
a totally automatic approach or any combination that best suits
design cost/production trade-offs. In such an environment the
designer could, e.g., make use of manual techniques to lay out
basic functional blocks and then use an algorithmic approach to
obtain a layout, which then could be further improved upon by
manual editing.

3. In order to provide these characteristics, interactive graphics
is an essential part of the design methodology.

4. To perform dynamic design rule verification. At any stage of
the layout process, design rules will be checked. This will
prevent a layout designer from making a serious mistake which
may, in current systems, only be discovered much later.

5. Using the same philosophy, the system will dynamically check
whether the structural properties, i.e., the connectivity of
the circuit is violated.

6. The system will have the ability to functionally verify a part
of the design, or the complete design, using circuit simulation
or logic simulation, at any point in the design process.

7. The system will be as technologically-independent as possible.
Design rules and other data relating to a specific technology




will be stored in a technology file.

2. THE OVER-ALL IC DESIGN SYSTEM

The over-all structure of the system is shown in Figure 1.
In order to explain the concepts involved in the system we will go
through a simple design example; a 4-bit multiplier as shown in Figure 2.

The first phase in a design is to interactiveiy specify the design.
This is done by means of an interactive system that allows the designer to
specify the structure of the system and of each of its subsystems at the
various levels of abstraction defined by the designer.

An example of such an hierarchical specification is illustrated in
Figure 2. At the highest level of abstraction the designer sees the 4-bit
multiplier of Figure 2a as beina constructed out of lower level primitives
such as one-bit multipliers of type MULT1, NAND gates and inverters (Figure
2b). At the next level, the one-bit multiplier of type MULT1 is described
in terms of flipflops of type DFF and a full adder of type FADD (Figure 2c).

At the following level both the flipflop of type DFF and the full
adder of type FADD are described in terms of NAND gates and inverters,
(Figure 2d, and Figure 2e). At the final level, the NAND gates and in-
verter are specified in terms of transistors using CMOS technology (Figure
2f, Figure 2g, Figure 2h, Figure 2i).

The structure of each of these interactively specified diagrams is
translated into a language called SDL, the Structural Design Lanquage [1].
The SDL specification corresponding to each of these diagrams is shown in
Figure 3.

The designer will have at his disposition a macroexpansion capability
which allows him to expand the total system, or a part of the system, to
any level desired. The output of such an expansion is in the form of an
intermediate language. By using an intermediate language expansion at the
correct level the designer can perform a logic simulation at the flip-flop
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Figure 2f: CMOS Inverter
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USER:WMVC;

NAME :MULT4 ;

PURPOSE: ICDESIGN;
LEVEL: CHTP:

EXT: sAl ,A2,A45A8,B,CLK, CLR,PRODUCT sV, GND;
INPUTS:A1,A2,A4,A8,B,CLK,CLR;
OUTPUTS:PRODUCT;
TYPES:MULT1,NAND, INV;
MULTL:M<L 23>

INV:G2;

NAND:G1l;
NI=sALE,M<l>aAG
N2=.A2,M<2>.A;
N3=.A4,M<3>,.A;,
N4=,.A8,Cl.A;
N5=,B, Gl B ;M<] =35, Bis
N6=M<1>.P, .PRODUCT;
N7=.CLK,M<] :3>.CLK;
N8=.CLR,M<1:3>.CLR;
NO=M<> JP R, M< 250020
N10=FM<2>.PP,M<3>,.P;
N11=€Cl1.0,G2.1;
N12=C2.0,M3.PP;

END;

NAME:MULT1;

PURPOSE: ICDESIGN;
LENEL s BES

EXT: A, B PP CLK ; LRGP o Vg GNID
ENPUTS A B, PPy CLK; CLR;
QUTPULS PPy

TYPES:DFF, FADD,NAND, INV;
DEE Pl EZ;

FADD:Al;

NAND:GCl;

ENV s G625

Ni=.A,Gl.A;
N2=,B,Gl.B;
N3=.PP,Fl.Dg
N4=,CLK;Fl.CKy,F2.€CK;
No=; CLRPleCLyF2sCLy
N6=A1.S,.P;
N7=61.046G2.1;
N8=G2.0,A1.A;
N9=F1.,Q;A1 .8
N1O=Al.CO,F2:.D;
Nil=Al.CI,F2.Q;

END;

Figure 3: SDL representation of the design
of Figure 2
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NAME:DFF;

PURPOSE: ICDESIGN;
LEVEL:GATE;
EXT::CLK,CLR,D,Q,V,CND;
INPUTS:D,CLK,CLR;
OUTPUTS: Q;
TYPES:NAND,3NAND;
NAND:Gl,G5;
3NAND:G2,G3,G4,G6;
Nl1=.CLR,G2.B,G4.B,G6.B;
N2=,CLEK, 63 .B,62.C3
N3=.D,G4.C;
N4=G5.0,.Q,G6.4A;
N5=G4.0,G3.C,Gl.A;
N6=G3.0,G66.C,G4.4;
N7=G2.0,G5.A,G3.A,G1.B;
N8=GC1.0,G2.A;
N9=G6.0,G5.B;

END;

NAME:FADD;

PURPOSE: ICDESIGN
LEVEL::GATE;
EXT::A,B,CI,C0,S,V,GND;
INPUTS:A,B,CI;

OUTRPUTS +C0i, S
TYPES:NAND,3NAND, 4NAND, INV;
NAND:G1,G2,G3,G5,G6,G7;
3NAND:G&4,G9;

4NAND:G8;

INV:G10;
Nl1=.,A,Gl.A,G4.B,G5.A,C7.B;
N2=.B,G2.B 64 .A;C6B,C7cAg
N3=.CL;G6.A,G5:B,G4.Cs5GC3:8B;
N4=GC1.0,G8.A;
N5=G2.0,G8.B;
N6=G3.0,G8.C;
N7=G4.0,G8.D;
N8=G5.0,G9.A;
N9=G6.0,G9.B;
N10=G7.0,G9.C;
N11=G8.0,.S;
N12=G9.0,G10+13
N13=C1l0.0,GC3.A;,Gl«B;G2.A; .CO3}
END;

Figure 3: continued from preceding page
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NAME: INV;
PURPOSE: ICDESIGN;
LEVEL:TRANS;
EXT::1,0,V,CND;
INPUTS:1;
OUTPUTS:0;

TYPES TP, TN3
TN:NA;

TP YPA 5
Nl=.I,PA.G,NA.G;
N2=PA.D,NA.S, .O;
N3=.GND,NA.S;
N4=,V,PA.S;

END;

NAME:NAND;
PURPOSE: ICDES LGN ;
LEVEL :TRANS ;
EXT::A,B,0,V,GND;
INPUTS:A,B;
OUTPUTS:0;

TYPES TP, TN
TN:NA,NB;

TR SPA S PBis
N1=.A,PA.G,NA.G;

N2=PA.D,PB.D,NA.D, .O;

N3=.GND,NB.S;
Na=.V,PA.S5;PB.S;
N5=.B,PB.G,NB.G;
N6=NA.S,NB.D;
END;

NAME:3NAND;
PURPOSE s ECDESIGN ;
LEVEL:TRANS;

EXT::A,B,C,0,V,GND;

INPUTS:A,B,C;
OUETPUTS:O;

TYPES TP, TN
TM:NA,NB,NC;
FP:PA, PBPC;
Nl=.A,PA.G,HNA.C;

N2=PA.D,PB.D,PC.D,NA.D, .03

N3=.GND,:C.S;

N4=.V,PA.S,PB.S,PC.S;

N5=.B,PB.G,NB.G;
N6=NA.S,NB.D;
N7=.C,PC.G,NC.G;
N8=NB.S,NC.D;
END;

Figure 3:

continued from preceding page
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NAME:4NAND;
PURPOSE: ICDESIGN;
LEVEL:TRANS;

EXT: :A,B5C;D;0,V,;GND;3
INPUTS 2:A, B, G, D53
OUTPUTS:0;
TYPESSEPR, TN 3
TN:NA,NB,NC,ND;
TP:PA,PB,PC,PD;
Nl1=.A,PA.C,NA.C;
N2=PA.DsPB.D,PRC.D; PDisDis NA LD O3
N3=.GND,ND.S;
N4&=.V,PA.SsPB.SyPC .S PDa S
N5=.B,PB.C,NB.G;
N6=NA.S,NB.D;
N7=.CsPCL.GCyNC. G
N8=NB.S,NC.D;
N9=.D,PD.G,ND.G3;
N10=NC.S,ND.D;
END;

NAME: TN

PURPOSE: ICDESIGN;
LEVEL: END;
EXTd:GyS,D

END;

NAME: TP ;

PURPOSE: ICDESICN;
LEVEL: END;
EXT::GyDsS3

END:;

CEND;

Figure 3: continued from preceding page
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or gate level using, e.g., TESTAID [4] or a circuit simulation at the tran-
sistor level, using SPICE or MOTIS [2][3]. At the higher level, the de-
signer could validate his design by means of a register-transfer-level simu-
lation or functional simulation, if it were properly specified.

The hierarchical structure as specified by the logic designer con-
stitutes a functional partitioning of the system. This information is con-
veyed to the layout subsystem which will also be hierarchical in nature.
The layout subsystem will allow the designer to perform his task both in a
top-down and a bottom-up fashion by making use of this functional parti-
tioning information. The characteristics of the layout subsystem are,
therefore, quite different from currently used systems such as Calma,
Computervision and Applicon.

3. STRUCTURE OF THE IC LAYQUT SYSTEM

The layout system will be centered around a central design file which
will contain all of the information relating to the design at any point in
time. This file in itself will contain the hierarchical structure as de-
rived from the functional partitioning presented by the logic designer. It
will also contain any technological information necessary to accomplish a
complete and correct layout. The structure of this system is shown in Fig-
ure 4.

The design file organization reflects the hierarchical nature of the
design process, as it was specified by the designer. Figure 5 shows the
storage structure associated with the 4-bit multiplier of Figure 2.

The highest level description of MULT4 points to the lower level de-
scription of MULT1, NAND and INV. In the design system only one block of
the design will be in memory. The other blocks of the design will remain
stored on a direct-access storage device. The transfer of control from one
level of abstraction to another will be strictly under the control of the
designer. The data structure for describing an object at a given level is
illustrated in Figure 6.
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Figure 5:

19

AEADER DIRECTORY
[muta 1
e ST ]
[m 1[0l
Component ////
Records — INAND ]
Lm2 1,110
3 L1,
iGgt Iidol "¢l
OBJECT 2 OBJECT 3 OBJECTz\
MULT] NAND LNV

Hierarchical Structure of the Design File




TO HIGHER LEVEL
/

HEADER

NAME

BOUNDARY DESRIPTION LIST

EXTERNAL CONTACTS

MASK #

—NAME (53 =

LOCATION

COMPONENTS

—INAME

OINTFR TO O

0BJ USF 1 IST

LOCATION

NETS

NAME =

CONN. LIST

REALI. LIST

Figure 6: Object description data structure
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This description contains information on the components used to con-
struct this object, the signals that connect these components, the ex-
ternal contact points and the physical boundary description. The purpose
of the boundary description is to specify the physical shape and size of
the object. This is illustrated by the example in Figure 7. Besides the
physical outline and the external contact locations the boundary descrin-
tion also describes the so-cailed exceptions, i.e., areas that can be used
for routing of interconnections at a higher level.

The interactive graphics functions are characterized by the hierarchi-
cal nature of the system, i.e., they only work on one function block at a
time. They will allow the designer to manually place and manipulate com-
ponents, to manually route interconnections in addition to such standard
features as zooming, panning, etc.

The initial implementation of the system will be oriented towards
manual design techniques. Algorithms will then be implemented for placing
components with arbitrary shapes and sizes and for routing the intercon-
nections between them. It must be emphasized that these algorithms will
operate at one level of the hierarchy only. In addition, topological lay-
out methods based on previous work [10] will be incorporated into the sys-
tem. Such methods would provide an initial topological design of a block.
The final physical Tayout in such an approach would then be obtained using
a physical area optimization technique similar to the one used in the FLOSS
system [9]. Another algorithm will deal with estimating the area to be
used by the design in order to allow the designer to determine optimal
shapes of cells.

A further feature that is currently being planned is to allow the user
to interactively specify a subcircuit of the total design. This subcircuit
would then be output in SDL. It will be possible for the designer to per-
form a gate-level logic simulation on this subcircuit by means of TESTAID

[2] or circuit simulation by means of MOTIS [3] or SPICE [2]. After a macro-

expansion to the appropriate level this subcircuit could then be laid out by
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BOUNDARY: 0.0,17.0,17.11,11.11,9.7,4.7,4.9,0.9,0.0;

EXCEPTIONS: LEVEL=METAL,0.2,6.2,6.0,9.0,9.5,0.5,0.2/
9. PV Vo V2.8 01 10 9. 75

CONNECTORS: LEVEL=METAL,(1.9,3.9)(5.7,7.7),(11.0,14.0),
LEVEL=POLYSI,(2.0,4.0),(13.10,15.10);

Figure 7: Example of a Physical Boundary Description
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means of an automated layout system such as SICLOPS [8].

4. FUNCTIONAL CHARACTERISTICS OF THE IC LAYOUT SYSTEM

The design process starts with the specification of the logical aspects
of the design. This can either be done with the interactive logic diagram
drawing subsystem or by encoding the design directly in SDL. The desian is
then compiled and expanded by the SDL subsystem. The designer at this point
chooses at what level the SDL expansion terminates. If a low level is chosen,
i.e., transistors, then only this level and any lower are fetched from the
physical library. If, however, a higher level such as gate or register is
selected, more information is fetched from the library. If the designer de-
sires quick turn around, automatic or semi-automatic, he would choose to
limit the amount of expansion at the SDL stage and use the standard layouts
that are in the library. On the other hand, if the design is for high volume
production and a hand-tuned layout is neededsthen the designer has the SDL
subsystem expand the circuit to the lowest level. While interactive layout
is taking place the designer can fetch any blocks that are in the library
and include them in his layout.

The basic idea in the layout subsystem is that the designer only works
at one level of abstraction at a time. This means that he can only place
components that are defined at that level. For instance, at a given level
the designer would be able to place cells renresenting flip-flops and to
route interconnections between these cells. He would, however, not be able
to change the shape of a cell if that would result in a denser packaging.
In order to do that, he would have to go to a lower level and rearrange the
components at that Tevel in order to obtain a more favorable shape for the
cell design.

Typically, the manual Tayout of an IC would consist of two phases. The
first phase being the preliminary design phase consisting of the following
steps:

1. Estimate the size of components at every level by using information
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from the library about the components at the lowest level.
2. Perform an initial placement, either manually or automatically.

3. Determine the shapes of the components at this level for dense
packing.

4. Go to the next level and repeat steps 2, and 3 for each compo-
nent at this level.

5. Reiterate this process for the next levels of abstraction.

6. Go back to the highest level and step 1 to reiterate the process.
This first phase of the design would provide the designer with a
reasonably accurate estimate of the shapes and sizes of all of the
components at the various levels. The final layout, though, would
have to be performed bottom-up using the information obtained in
the first phase.

The second phase is really the detailed final design and is performed
in a bottom-up fashion. It consists of the following steps:

1. Using the cells at the lowest Tevel, design components at the next
lowest level. This gives the shapes and sizes of the components at
that level.

2. Repeat this process for the next lowest level and so on, until
finally the layout is performed for the complete chip.

3. If the total layout is not satisfactory, one can go back and change
the cell shape at the lower level and then from there on repeat the
process.

If the designer does not want to do a cell shape and placement estimate
he can skip phase 1 and go directly to phase 2. Phase 1 can also be done
partially and at any time so the designer can use any mixture of phase 1 and
2 that he finds most useful.

As an example, take the 4-bit multiplier described earlier, MULT4. To
layout this circuit the designer would first use the interactive logic drawing
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subsystem to draw the overall outline and the external connections (Fig-

ure 2a). He would then specify what MULT4 is constructed of by filling

in the next level down (Figure 2b). He would then specify in a new drawing
the construction of each of the components that were used to construct

MULT4. There are three types of components used: MULTT, NAND, INV. MULTI
is specified next (Figure 2c). The specification of NAND and INV are post-
poned since they belong to a lower level than MULT1. The next step is to
repeat the process of specifying the components of the objects already de-
fined until the desired level of detail is reached. The example has been
specified down to transistors. MULT1 has 4 types of components, FADD, DFF,
NAND, INV. The full adder and the D flipflop are described in terms of gates
(Figure 2d and 2e). On the next level are the descriptions of the gates INV,
NAND, 3NAND, 4NAND in terms of transistors (Figure 2f, 29, 2h, 2i). The
example is described in CMOS technology. The lowest level of description is
that of the transistors themselves. There are two types of transistors used
in the example: n-channel and n-channel.

The description of MULT4 would only be carried down to this level of
detail if the designer were interested in a manual design. If the designer
desired an automatic design he would have left the description in terms of
higher-level components.

The information in the drawings is now converted to SDL format and fed
to the SDL compiler. The output of the compiler is then loaded into a design
file and the interactive layout of the circuit is started.

The system will first estimate the size of the cells at every level. The
designer then starts at the MULT4 level and with the aid of the system places
the 3 instances of MULT1, the NAND and the INV and determines their shapes.
He then repeats this process at each Tower level until the transistor Tevel
is reaches.

The next step is the actual Tayout of the chip. The transistor shapes
were fetched from the physical library. The designer interactively combines
the transistors to form the gates. The gates are then used to build the DFF
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and the FADD. These two are used to construct MULT1, and finally, MULT4 is
constructed.

5. CURRENT STATUS

The SDL compiler and expansion facility is currently operational. An
interface from SDL to the Hewlett-Packard Testaid system has been implemented,
giving a logic simulation and test generation capability. Furthermore, an
automated logic diagram generation system that produces logic diagrams from
and SDL description has been implemented [11].

The interactive design specification subsystem will be operational by
late 1977. The nucleus of the IC layout subsystem, i.e., the design file
access functions and the primitive graphics functions are scheduled for com-
pletion by the first quarter of 1978. At that time, an interface to SPICE
and MOTIS will also hecome available. The algorithmic functions of the sys-
tem will be implemented following tnis.

Currently, most of the software runs on an IBM 370/168 system and makes
use of a Tektronix 4013 storage tube terminal. It is the intention to trans-
fer the system to a Targe 32-bit minicomputer with extensive color-graphics
facilities.
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